Introduction
As the single-junction efficiencies of conventional silicon photovoltaics saturate near their theoretical limits, the approach of combining semiconductors that have complementary absorption spectra to make tandem solar cells offers a proven route to further gains in efficiency 1 . The most efficient tandem solar cells use epitaxially grown III-V semiconductors to realize 1-sun power conversion efficiencies of over 38% [2] [3] [4] . However, they rely on expensive and lowthroughput deposition methods that hinder their commercial viability. Metal halide perovskites display many of the beneficial optoelectronic qualities of III-V semiconductors 5 but can be processed by fast and inexpensive solution-based or vapor-based methods [6] [7] [8] . All-perovskite tandem solar cells, therefore, are a breakthrough with the potential to realize highly efficient yet low-cost solar cells 9 . Mechanically stacked all-perovskite tandems have already been demonstrated with efficiency 23.1%, which is close to surpassing the best single junction perovskite efficiency 10, 11 , and the next step is to improve the performance of monolithic (twoterminal) tandems, so far demonstrated at 18.5% efficiency 12 . A monolithic tandem design offers simpler module integration and lower manufacturing and balance of systems costs while producing comparable energy yield 13 .
ABX 3 perovskites with mixtures of tin and lead at the B-site, can have band gaps of 1.2 -1.3 eV 14 and enabled the first all-perovskite tandems with close-to-ideal band gaps 9, 14, 15 . However, tandems based on these perovskites have so far been limited by low quantum efficiencies in the near infrared, 16 likely due to difficulty processing optically thick films of tin-lead perovskites with high uniformity and optoelectronic quality. Early reports of tin-lead perovskites reported short carrier lifetimes (under 1 ns), hindering their ability to achieve efficient extraction of photogenerated charge, especially in thick active layers 9, 17 . Here, we describe methods to process thick and uniform films of a low band gap mixed cation tin-lead perovskite, with carrier lifetimes approaching 0.5 µs. We demonstrate a post-deposition treatment with methylammonium chloride vapor that grows grains and heals cracks in the as-deposited film, boosting device open circuit voltage and fill factor. Rapid post-deposition treatments that "heal" an as-deposited low-quality film are important from an industrial standpoint because they could allow the use of faster and lower-cost deposition methods for the initial film and allow for decoupling of deposition chemistry and methodology from final film morphology. The results of our post-treatment are consistent with observations by Cui et al., who use methylamine vapor exposure to improve the uniformity of a thin film of methylammonium lead iodide 18 , and of Yang et al., who report grain growth by Ostwald ripening in a film of methylammonium lead iodide upon treatment with a dilute solution of methylammonium bromide 19 .
Despite the importance of tin-lead halide perovskites as low band gap semiconductors for tandem solar cells and other applications, concerns have persisted over their stability. There are few reports that rigorously study the stability of tin-lead perovskites. Here, we investigate the degradation of high-performing tin-lead solar cells under operation in light and identify strategies to achieve stable operation. By keeping the tin content at 50% or below, using formamidinium and cesium at the A-site, and employing the post-deposition MACl vapor treatment, we demonstrate tin-lead solar cells with significantly improved stability in continuous operation under illumination. Combining the advances in device efficiency and operational stability, we use our low band gap solar cells in a monolithic all-perovskite tandem solar cell to achieve a stabilized efficiency of 19.1%.
While using tin at the B-site of the perovskite is effective in achieving a low band gap, it introduces a possible instability because tin, unlike lead, is susceptible to oxidation from the 2+ to the 4+ state, resulting in breakdown of the perovskite. Demonstration of stability of the tinlead subcell under extended periods of elevated temperature is critical to ensuring commercial viability of all-perovskite tandems. Perovskite solar cells with only tin at the B-site have shown extremely poor air stability, often degrading within minutes of air exposure 9, 17, 20 . In a previous study, we showed that alloying tin with lead at the B-site forces the oxidation to occur by a less favorable reaction pathway, thus significantly improving stability toward oxidation 21 . For stable operation in the field, solar cells need to withstand extended periods at elevated temperaturethis sort of thermal and atmospheric stability has not yet been reported for low band gap tin-lead perovskite solar cells. In this study, using a device capped with a sputtered indium tin oxide (ITO) electrode, we demonstrate maintenance of over 80% of starting efficiency for over 300 hours at 85 C in air. Given the concerns around the stability of tin-containing perovskites toward oxidation, the fact that this stability is displayed by a device with no additional encapsulation represents a big step forward in proving the viability of tin-lead perovskites, and by extension, of all-perovskite tandem solar cells.
Results and Discussion
Compositional Engineering of Low Band Gap Perovskites for Operational Stability At present, the most efficient low band gap perovskite solar cell is based on the composition FA 0.6 MA 0.4 Sn 0.6 Pb 0.4 I 3 , with 40% methylammonium at the A-site and 60% tin at the B-site 14, 22 . This compound has been reported to attain single-junction efficiencies of over 17%. However, no reports have described its stability under continuous operation. We show in Figure 1a that when operated at maximum power point under 1-sun illumination, solar cells based on this composition in the same architecture to that of the highest performing devices (ITO/PEDOT:PSS/Perovskite/C 60 /BCP/Ag) show a steep drop in power output within minutes. This drop is reversed upon leaving the device in the dark. The drop in power output occurs regardless of whether the device is operated in air or in nitrogen ( Figure S1 ), suggesting that it is not due to reaction of the perovskite with oxygen. Figure 1b shows the JV curve of the device in its fresh state, after ten minutes of maximum power point tracking, and after ten minutes of recovery in the dark. The efficiency drop during operation is evidently due to a large drop in the open circuit voltage, indicating significantly increased recombination in the device and suggesting the formation of recombination centers in the perovskite. Upon resting in the dark, the voltage is fully recovered. Using a thermocouple attached to the top electrode, we find that during operation under 1-sun illumination, the temperature of the device rises to 50 C ( Figure S2 ). Interestingly, simply heating the device in the dark to the same temperature results in a drop in the open circuit voltage very similar to that produced upon operation in the light (Figure 1c ). Upon cooling for ten minutes at room temperature, the original JV curve is recovered. The perovskite layer on its own remains stable when heated as a bare film on glass to an even higher temperature (85 C) in inert atmosphere, suggesting that there is no intrinsic thermal instability in the perovskite that might result in the efficiency drop ( Figure S3 ).
It is typical for the open circuit voltage and power conversion efficiency of a solar to reversibly drop as it heats; the larger density of thermally generated dark carriers results in increased dark saturation current and hence lower voltage. However, in the example of crystalline silicon solar cells, the temperature coefficients have been measured to be 2.3 mV/K and 0.65 %/K for the open circuit voltage and efficiency respectively 23 , while we here observe coefficients around 7.2 mV/K and around 1.2 %/K despite this material having a larger band gap than silicon. These numbers are far higher than could be expected for standard dark carrier induced losses for a material with a 1.25 eV bandgap. The temperature coefficient of V oc for a more stable perovskite composition (that we describe below) is measured to be only 0.9 mV/K ( Figure S4 ). This suggests that the PCE drop under operation is largely due to a reversible thermally induced process that results in the formation of recombination centres. If the solar cell is kept at a lower temperature under illumination by flowing cooled nitrogen gas over it, the PCE drop is much less severe ( Figure 1a ) -confirming that the instability under operation is indeed thermally induced, rather than light induced or carrier density induced.
We identify two strategies to solve this problem of a thermally induced reversible efficiency drop. In previous work we have shown that reducing the fraction of tin at the B-site is an effective way to stabilize tin-lead perovskites toward oxidation. Figure 2a shows the efficiency versus time under continuous operation of devices of varying tin content that are otherwise similar. It indicates that this strategy also improves operational stability of devices. Using a tin content of 50% or lower avoids the steep performance drop that the FA 0.6 MA 0.4 Sn 0.6 Pb 0.4 I 3 device shows. Further, replacing the methylammonium cation at the A-site with cesium, which has been shown to be more thermally stable in wider gap lead-based perovskites [24] [25] [26] [27] , also improves operational stability, even with a high tin content of 60% at the B-site (Figure 2b ). While further investigation is needed to identify the exact mechanisms of the thermally induced PCE drop in solar cells with high tin content, our results point to an effective strategy to make operationally stable tin-lead perovskite devices, which is to use formamidinium and cesium rather than methylammonium at the A-site, and to use 50% or less tin at the B-site.
Using a lower tin content results in a slightly larger band gap, which could compromise the current produced by the low gap cell in a monolithic tandem -but work based on modelling tandem performance under real-world solar spectra has shown that a tandem with a 50%-tin perovskite as the low gap absorber can still realistically reach a PCE of 31% 13 . This calculation suggests that the slight compromise of band gap for large gains in stability is worth making and leads us to choose a perovskite with 50% tin at the B-site and a mixture of formamidinium and cesium at the A-site as the low gap absorber in the tandem solar cell. In the next section, we describe fabrication of devices using a FA 0.75 Cs 0.25 Sn 0.5 Pb 0.5 I 3 perovskite and demonstrate that they successfully maintain their PCE over 1-sun maximum power point tracking for over a day, a significant improvement upon operational stability for any tin-containing perovskites reported to date. High-performing all-perovskite tandem solar cells have been held back by low quantum efficiency in the near infrared due to the difficulty of fabricating optically thick tin-lead perovskite films with good uniformity and long PL lifetime 16 . Yan et al. showed a correlation between longer PL lifetimes and larger grain size in films of FA 0.6 MA 0.4 Sn 0.6 Pb 0.4 I 3 , suggesting that by optimization of processing, tin lead perovskites can achieve long lifetimes 22 . We develop a protocol for making large-grained (~500nm) and thick (~700 nm) films of FA 0.75 Cs 0.25 Sn 0.5 Pb 0.5 I 3 perovskite that show a nearly 1000x improvement in lifetime compared with a small-grained thin film (Figure 3 ). The method we use is to spin coat a wet layer of precursor solution and then immerse it in a bath of anisole antisolvent, which quickly extracts the solvent and induces supersaturation and crystallization. Using a low concentration precursor solution (1.1M) results in a 200-nm-thick film with a large number of small grains (under 100 nm on average), whereas using a higher concentration (2.0 M) results in a film with grain size approaching half a micron and a thickness of 700 nm. The drastic increase in PL lifetime for the thicker large-grained film (Figure 3c ) suggests a step change in recombination rate that might be influenced by grain boundaries, and future work aimed at studying recombination in polycrystalline tin-lead perovskite films is required to fully understand the origin of the large improvement. Single-junction solar cells made using this process to obtain thick large-grained films show a stabilized efficiency of 13.1% (Figure 4c ). While the short circuit current is an impressive 27.2 mA cm -2 , the device suffers from low fill factor and open circuit voltage. To address this problem, we expose the as-deposited tin-lead perovskite films to methylammonium chloride (MACl) vapor, followed by a short post-anneal at 150 C. This post-treatment results in two effects that are apparent in the SEMs shown in Figure 4a and b: significant grain growth to form micron-sized grains and healing of cracks that form between grains during crystallization of the as-deposited film. The treatment results in a boost to fill factor and open circuit voltage that raises the efficiency to 15.6% (Figure 4c ). XPS spectra of the perovskite films ( Figure S5 ) show chlorine at the surface of the treated films. The PL intensity from the perovskite in a device (with contacts) at open circuit is improved upon treating with MACl vapor (Figure S6 ), an effect that is consistent across multiple spots and multiple different devices. The absorption and photoluminescence spectra show a slight increase of around 5 meV in the band gap ( Figures S6 and S7) . However, XRD patterns of films are unchanged upon MACl vapor treatment ( Figure S8 ), indicating that there is not enough incorporation of chlorine into the bulk of the perovskite to change the lattice parameter. The increase in PL intensity from the perovskite in a device at open circuit, is likely due to reduction in the amount of nonradiative recombination at the interfaces, which boosts the open circuit voltage.
A recent study found that acidifying the perovskite precursor solution stimulates the formation of dimethylamine from DMF, which aids in dissolving colloids that may form, improves perovskite crystallization and gives a boost to the open circuit voltage 28 . Following that report, we use a 5% by volume additive of formic acid, which we find produces a small but reproducible rise in the open circuit voltage (Figure 4e ). Combining the advances of MACl post-treatment and formic acid addition, single junction low gap solar cells reach a stabilized efficiency of 15.6%. This efficiency is maintained without any drop for over thirty hours of operation under continuous 1-sun illumination (Figure 4f ). While the efficiency here is not as high as that of the FA 0.6 MA 0.4 Sn 0.6 Pb 0.4 I 3 devices we and others can make (>17%), the results presented here, and in our previous work on the same composition 9 , are the only ones that demonstrate stability for efficient single-junction small bandgap solar cells under operation for more than a few minutes. Wide band gap cell development
When calculating the theoretical limit in a two-junction tandem solar cell from real absorption profiles, the ideal front cell band gap is between 1.7 and 1.8 eV for a rear cell band gap of 1.27 eV 13 . There are a large number of reports on highly efficient solar cells using perovskites with band gaps in the range of 1.50 eV -1.63 eV 26, 29, 30 . A recent compositional study from our group showed that raising the band gap to 1.76 eV by increasing the amount of cesium at the A-site is better than doing so by raising the amount of bromine at the X-site, 31 since using higher cesium and lower bromine content slows photoinduced halide segregation (known as the Hoke effect), which leads to trap formation under illumination. We thus use the composition 
All-perovskite tandem solar cells
To fabricate tandem solar cells, we first deposit the wide gap device stack (PTAA/1.76eV perovskite/C60) on ITO coated glass. As in our previous work 32 , we deposit a 10-nm-thick conformal bilayer of tin oxide and zinc-doped tin oxide using atomic layer deposition to serve as an electron selective contact and sputter buffer. This prevents damage during subsequent sputtering of a 120-nm-thick ITO recombination layer. We solution process the low gap perovskite solar cell stack (PEDOT:PSS/FA 0.75 Cs 0.25 Sn 0.5 Pb 0.5 I 3 perovskite/C 60 /BCP/Ag) directly on this ITO recombination layer to form the rear cell of the tandem.
We find that for the ITO recombination layer to be effective in protecting the high band gap cell when we solution-process the low gap device stack over it, it is important to ensure that the wide gap perovskite layer is smooth. Many common recipes for the wide gap perovskite, including one-step spin coating with antisolvent quenching or compressed gas quenching, often produce a wrinkled surface with ridges and valleys several hundred nanometers deep and many microns across ( Figure S9 ) 33 . Solution-processing the low gap subcell over this wrinkled morphology results in extremely poor yield, with most devices being shunted. To avoid this problem, we developed a method based on dynamic interdiffusion of an isopropanol solution of formamidinium iodide (FAI) into a wet layer of cesium iodide, lead iodide, and lead bromide, described fully in the experimental section. This method produces a smooth layer of the wide gap perovskite ( Figure S9 ) and enables subsequent solution processing of the low gap subcell.
The JV and EQE curves of the tandem (Figure 6 ) demonstrate a stabilized PCE of 19.1%. The tandem shows a matched current density of 14.8 mA cm -2 , a significant improvement on the previous best all-perovskite tandem that showed a matched current density of only 12.7 mA cm -2 . The higher current is enabled by the thick (700 nm) low gap perovskite layer that generates a quantum efficiency of 80% across much of the near IR. In addition, the current is aided by an antireflective coating, a 190-nm-thick layer of magnesium fluoride deposited on the glass substrate by thermal evaporation (Figure S10) , and the use of a thin (50 nm) layer of ITO on the substrate to avoid parasitic absorption in the near infrared by free carriers in the highconductivity ITO.
The open circuit voltage of 1.81 V is around 80 mV lower than the sum of the single junction subcells. Out of this loss, around 30 mV is to be expected since the low gap subcell will generate a lower voltage when only half the light is incident on it after having been filtered by the wide gap subcell (calculated using a measured light ideality factor of 1.66, see Figure S11 ). By making electrical contact to the recombination layer, we measure the open circuit voltage of the wide gap subcell to be 1.1 V, which is 50 mV lower than that of a control single junction wide gap device. The discrepancy may be due to a small amount of damage during the ITO sputter or due to solvent penetrating the ITO recombination layer during fabrication of the low gap cell. Further optimization of the ALD buffer layer and the sputter process could prevent this loss. Alternatively, use of a thermally evaporated recombination layer comprising organic small molecules, in combination with an evaporated perovskite layer, has been shown to successfully achieve voltage addition of the two subcells in an all-perovskite tandem 34 .
Further improvements to tandem efficiency should come from increasing the open circuit voltage of the wide bandgap solar cell, which still suffers from a > 0.6 V loss in potential compared to the bandgap. In addition, we plot the absorbance (i.e. 1 -reflectance) of the champion device along with its EQE; the grey area between the two curves represents a combination of light harvesting losses due to parasitic absorption (most likely in the ITO (see figure S12 ) and PEDOT layers) and possibly from the low bandgap cell having an internal quantum efficiency of slightly lower than 100%. Future work should employ optical modeling to determine the nature of the losses and optimize the device stack to improve the EQE even further. Thermal stability of tin-lead solar cells A known degradation mechanism for perovskite solar cells kept at elevated temperature is diffusion of metal from the electrode into the perovskite active layer and diffusion of iodide species to the metal electrode [35] [36] [37] . To probe the thermal and oxidative stability of the tin-lead perovskite itself, we exclude the metal-diffusion-induced degradation pathway by replacing the metal in the top electrode of our low gap perovskite solar cell with a sputtered ITO layer deposited over a layer of evaporated C 60 and atomic layer deposited tin oxide. Not using metal resulted in a lower J sc and FF because we no longer benefit from a reflective electrode allowing a second pass of light, and the sputtered ITO induces a small amount of series resistance. It is important for future work to develop a good barrier layer to prevent metal diffusion from the electrode 37 . Figure 7 shows the evolution of the JV parameters of a FA 0.75 Cs 0.25 Sn 0.5 Pb 0.5 I 3 solar cell upon aging at 85 C in air, with no encapsulation. The device was held at open circuit in the dark in an oven between testing. In a remarkable improvement upon any previous report of stability of tinlead perovskite solar cells, the device maintained its full performance for the first 150 hours and over 80% of its initial PCE for over 300 hours. At longer times, the series resistance started to increase and eventually an S-kink formed in the JV curve, significantly reducing the fill factor ( Figure S13a) . Encouragingly, however, the short circuit current of the solar cell was nearly constant (Figure S13b ), indicating that there was little, if any, oxidation in the bulk of the perovskite during the air aging, despite the device having been aged in air with no further encapsulation than the ITO top electrode -future studies should aim to identify exactly how effective this sputtered ITO layer is at acting as a barrier to oxygen and stabilizing the tin-lead perovskite. These results are encouraging and suggest that tin-lead perovskite solar cells have enough stability in air to be briefly stored in a factory before they are packaged and that existing low-cost encapsulation technologies will be sufficient to prevent oxidation of the absorber, lifting potential hurdles to the commercialization of all-perovskite tandems. 
Conclusion and Outlook
This work has shown that using a 700-nm-thick film of FA 0.75 Cs 0.25 Sn 0.5 Pb 0.5 I 3 with micron-sized grains for the low gap absorber enables efficient all-perovskite tandem solar cells with an EQE of over 80% in the near infrared. These devices also demonstrate good thermal and operational stability when the tin content comprises 50% or less of the B site. While the thermal stability of these devices is a great improvement upon previous reports of tin-lead perovskite thermal stability, the devices do still develop large series resistance and a barrier to charge extraction after 300 hours at 85C in air. We speculate that replacing the acidic and hygroscopic PEDOT:PSS layer with a more stable hole transport layer will be crucial to realizing longer term stability at elevated temperature. What is promising, however, is that the bulk perovskite remains stable with no change in the short-circuit current spectrum observed over 300 hours in air at 85 C, suggesting that with suitable engineering of the interfaces and contacts, it is possible to fabricate tin-lead perovskite solar cells that are thermally and operationally stable.
Further improvements in the monolithic all-perovskite tandem can be attained by reducing the reflection at 760 nm and past 950 nm in the tandem by optimizing thicknesses and incorporating light trapping schemes such as light-scattering structures in the device stack to minimize reflections 13, 38 . The fill factor of the tandem solar cell shows room for improvement as well -it is lower than the fill factors predicted by combining the best single junction subcells in series, suggesting some damage during tandem fabrication. Optimizing the sputter process used to deposit the ITO recombination layer or using a better buffer layer to protect from sputter and/or solvent damage are directions to improve the fill factor. Lastly 
